t r a c t
High quality transparent conductive oxides (TCOs) often require a high thermal budget fabrication process. In this study, Excimer Laser Annealing (ELA) at a wavelength of 248 nm has been explored as a processing mechanism to facilitate low thermal budget fabrication of high quality aluminium doped zinc oxide (AZO) thin films. 180 nm thick AZO films were prepared by radio frequency magnetron sputtering at room temperature on fused silica substrates. The effects of the applied RF power and the sputtering pressure on the outcome of ELA at different laser energy densities and number of pulses have been investigated. AZO films deposited with no intentional heating at 180 W, and at 2 mTorr of 0.2% oxygen in argon were selected as the optimum as-deposited films in this work, with a resistivity of 1 Â 10 À 3 Ω.cm, and an average visible transmission of 85%. ELA was found to result in noticeably reduced resistivity of 5 Â 10 À 4 Ω.cm, and enhancing the average visible transmission to 90% when AZO is processed with 5 pulses at 125 mJ/cm 2 . Therefore, the combination of RF magnetron sputtering and ELA, both low thermal budget and scalable techniques, can provide a viable fabrication route of high quality AZO films for use as transparent electrodes. 
Introduction
Transparent conducting oxides (TCOs) are ubiquitous in a wide range of optoelectronic devices such as flat panel displays, thin film solar cells, and transparent thin film transistors [1] [2] [3] . Amongst the TCOs family, tin-doped indium oxide (ITO) has been the material of choice for transparent electrode applications. However, although ITO exhibits superior conductivity and transparency with less thickness-dependent resistivity, there is a general desire in the sector to move towards an alternative solution for advanced application of TCOs [2] [3] [4] . For instance, flexible applications that impose additional fabrication and environmental constraints such as low thermal budget fabrication and electrical conductivity stability against stretching and bending forces to which ITO is not ideally applicable [3, 5] . TCO research has been directed towards exploring reduced indium content or even non-indium based transparent conducting materials such as ZnObased transparent electrodes. ZnO has been extensively explored for various opto-electronic fields because of its attractive characteristics including, but not limited to, high exciton binding energy of 60 meV, wide and direct band gap of 3.37 eV, low growth temperature as a crystalline material, and high thermal and chemical stability. Furthermore, the ZnO characteristics can be tuned via doping in order to meet various applications requirements. For instance, doping with MgO or CdO results in larger or smaller band gap respectively [6] [7] [8] . While, doping with group III elements (Al, Ga and In) results in high quality transparent electrodes. In particular aluminium doped zinc oxide (AZO), due to its low raw material cost and comparable electrical and optical properties to ITO [2, 3, 8] , has attracted much attention for replacing ITO in mass production of photovoltaic devices [1] . AZO was also successfully applied to organic light emitting diodes [9] , and to liquid crystal displays [10] .
There has been a large body of reported investigations into the fabrication of AZO via various vacuum and solution based deposition techniques such as magnetron sputtering [11] [12] [13] , pulsed laser deposition [14, 15] , atomic layer deposition [9] , sol-gel process [16] , chemical vapour deposition [17] , and aqueous solution processing [18] . Radio frequency magnetron sputtering is the most commonly used approach owing to its potential for low temperature growths, industrial applicability, as well as relatively good uniformity and reproducibility [12] . Unfortunately, to produce AZO films with high quality electro-optical characteristics for large area applications, it is typical to require high thermal budget at deposition [19] , or at post-deposition processing [20] . At the same time, for further optoelectronic developments there has been an increasing interest in low thermal budget fabrication of metal oxides in order to maintain the characteristics of any underlying layers or the substrate itself, as well as to reduce the long processing times needed for conventional thermal processing. Hence, Excimer Laser Annealing (ELA) has been explored as an ultra-rapid, and spatially localised both in area and depth processing method to realise high quality metal oxide thin films at minimal substrate heating [16, 21] . Only a few previously reported studies have explored the effect of ELA on AZO. R. Boukhicha et al. [22] and E. Johnson et al. [23] In the present work we report a complete study of RF magnetron sputter deposited AZO films at different deposition parameters on UV grade fused silica substrates, followed by ELA with a Krypton Fluoride laser (KrF) and with variable number of pulses and laser energy density. Unlike all previously published studies, the deposition and processing conditions concluded in this work offer highly transparent and highly conductive AZO thin films, produced at low thermal budget and with scalable techniques.
Experimental procedure

AZO thin films deposition
Three series of AZO samples, all 180 nm thick, were fabricated using an in-house built RF magnetron sputtering system for deposition at room temperature, where one parameter was changed in each series: (a) with various oxygen concentrations diluted in argon (0-0.5%), (b) with varying RF power (40-240 W) applied to the target, and (c) with varying sputtering pressure (1.5-5.0 mTorr). The UV grade fused silica glass substrates (5 cm Â 5 cm) were first cleaned with Decon 90 surfactant solution in water (4% by volume) to remove any dust particles from the substrate surface, followed by sequential ultrasonic cleaning in acetone, methanol, and de-ionised water (for 10 min each). Finally, the substrates were individually demoisturised with high purity dry nitrogen. A three-inch diameter ceramic target of ZnO-Al 2 O 3 (98-2 wt%) from Testbourne Ltd. was used. Prior to the deposition, a base pressure of 10 À 5 Pa was achieved in the sputtering chamber. Then, the investigated gas mixture was introduced via two mass flow controllers to produce a sputtering gas of a percentage of oxygen in argon. Pre-sputtering was always performed, with the substrate covered for 10 min at the same parameters as for the subsequent deposition. The substrate to target distance was maintained at 10 cm for all depositions in a sputter-up geometry. The substrate temperature during the deposition was monitored with temperature sensitive labels attached to the back side of the substrate. The substrate was rotated at 8 rpm to provide highly uniform films. The film thickness was monitored by an in-situ interferometric monitor and was cross-checked via Veeco Dektak 6M Stylus Profilometer measurements.
Excimer laser annealing
ELA was conducted in air at room temperature using the system illustrated in Fig. 1 , comprising three main components: (1) the laser source, a Krypton Fluoride (KrF) excimer laser (Lambda Physik LPX 305i), which emits unpolarised light pulses at λ¼248 nm and with a pulse duration of 25 ns. (2) The laser beam delivery and shaping system including an attenuator, a beam homogeniser (Exitech Ltd., type EX-HS-700D, providing laser spots with uniformity better than 2%), mirrors, a field lens, a mask stage, and a projection lens with 1:1 magnification. The laser spot defined by the optics was a square area of 1 cm Â 1 cm. (3) An XYZ moving stage for samples mounting and manipulation during processing.
Initially, single pulse investigations were conducted in order to identify the threshold energy density required for the onset of an effect on the AZO characteristics, as well as the limit above which material ablation occurs. The investigated energy density range was from 25 to 500 mJ/cm 2 72%, in steps of 25 mJ/cm 2 . Clear enhancements in the AZO conductivity and transparency were observed when processed at laser energy densities Z 50 mJ/cm 2 , while a visible ablation was observed at energy densities Z150 mJ/ cm 2 . Following the identification of this energy density processing window further investigations were conducted with different number of pulses up to 100.
AZO thin films characterisation
The essential requirements for TCO applications are low electrical resistivity and high optical transmittance. Thus, this study is focused on these characteristics pre and post ELA application. The electrical properties including resistivity, mobility, and carrier density for AZO films were evaluated via a Phystech RH2035 Hall measurement system at room temperature, operating in Van der Pauw (VDP) and Hall Effect configuration with a magnetic field of 0.54 T, as well as via a four-point probe resistivity system (4PP). Results presented are the mean average from three measurements for each sample. Optical transmission and reflection spectra were recorded using the Ocean Optics SpectraSuite Software, with a UV/ VIS (Ocean Optics USB4000) spectrometer and a NIR (Ocean Optics NIR 256-2.5) spectrometer, and a deuterium-halogen light source (Ocean Optics DH-2000). Surface morphology for the optimised as-deposited and laser annealed AZO samples was characterised by atomic force microscopy AFM using a Veeco Dimension 3100 Scanning Probe Microscope with Nanoscope IV controller, and by scanning electron microscopy SEM with a Hitachi SU-70 Scanning Electron Microscope system operated at 3 kV accelerating voltage, and 300k magnification. Four areas for each sample were examined and a good consistency across the samples was observed. X-ray photoelectron spectroscopy (XPS) was also performed on the optimised as-deposited and ELA-treated AZO samples in an Axis Ultra DLD system by Kratos with an aluminium anode (Al Kα 1486.6 eV).
Results and discussion
The sample series with varying oxygen ratio during the deposition showed that 0.2% of oxygen in argon is needed to achieve an adequate long-term replenishment of oxygen on the target surface and thus provide reproducible electrical and optical characteristics for the AZO films. This is due to the fact that oxygen and zinc have different sputtering probabilities, and sputtering in pure argon for a long period is likely to result in oxygen deficiency on the target surface [12] . Hence, the series of samples with varying RF power as well as those with varying sputtering pressure were deposited at 0.2% of oxygen in argon. Whilst there was no intentional heating applied to the substrate, the substrate temperature increased with the applied RF power reaching a maximum of 53°C at 240 W, as shown in Fig. 2. 
Electrical properties
The study of the electrical properties of AZO revealed that they are profoundly governed by the deposition parameters. The resistivity measurements via both 4PP and VDP techniques are very consistent. Fig. 3 (dashed lines) demonstrated that as the RF power is increased, both the density and the Hall mobility of the free electrons are increased, and thus the electrical resistivity is decreased. These findings are in line with previous studies [13, 27] , and can be explained as follows: (1) with increasing the applied RF power, the kinetic energy of the sputtered atoms and thus their surface mobility across the substrate are increased. These atoms will therefore organise themselves in a better crystal structure with less electron trapping and scattering defects, which leads eventually to increasing the free carrier density and mobility [12, 13, 27] . (2) The free carrier density increase could also be attributed to the increased energy of the sputtered species and the thermalisation effect of the glow discharge with RF power, which is confirmed by the temperature labels. Consequently, the activation of Al atoms into zinc oxide might be enhanced [27] . However, both mechanisms described above for decreasing the resistivity with increasing the RF power reach a plateau at 180 W, beyond which only a marginal further improvement is observed. Taking into account the growth rate levelling off and the unintentional substrate heating increase at higher RF powers, we consider the 180 W to be the optimum RF power for high quality AZO depositions at low temperature in this work.
Both the RF power and sputtering pressure are directly linked to the energy of the sputtered atoms and have opposite impacts on the deposited film's characteristics. Fig. 4 illustrates that increasing the sputtering pressure significantly increases the AZO resistivity Fig. 2 . The substrate temperature (not intentionally heated) as a function of the applied RF power. as a result of reducing the free carriers' mobility and density (dashed lines in Fig. 4 ). The effect of the sputtering pressure on the resistivity of AZO is attributed to decreasing the mean free path of the sputtered species due to increasing the collisions between the sputtered atoms and the residual gas ions at higher pressure. Consequently, the sputtered species will lose energy and thus their surface mobility on the substrate is reduced, resulting in degrading the film doping efficiency, compactness, and crystallinity due to microstructural defects such as oxygen species diffused into grain boundaries. This would result in electron trapping from the conduction band, increasing the free electron scattering, and therefore reducing the free carrier density and mobility [17, 27, 28] . It should be noted that utilising sputtering pressures lower than 1.5 mTorr was not possible due to difficulties in maintaining the plasma in the sputtering chamber; probably due to inadequate quantity of sputtering gasses. Even at 1.5 mTorr the sputtering process was found to be intermittently unstable, by means of either the plasma going off or reflected RF power suddenly appearing. Therefore, 2.0 mTorr was chosen as the optimum working pressure in this work.
Regarding the electrical properties of the AZO samples after ELA, Fig. 5 illustrates the effect of different ELA conditions (laser fluences and number of pulses) on the resistivity of AZO samples deposited at different conditions (RF power and sputtering pressure). It was found that ELA even with one pulse reduces the resistivity, with the reduction becoming greater as the laser fluence increased up to 125 mJ/cm 2 . Furthermore, when the number of pulses was increased to five at this fluence, the electrical resistivity was reduced for all samples by 50% compared to the asdeposited samples. Increasing the number of pulses above five at 125 mJ/cm 2 either showed no further resistivity decrease or resulted in material ablation and hence resistivity increase. The material ablation is attributed to heat accumulation during ELA with multiple pulses that leads to a temperature higher than that reached by a single pulse and at the same time higher than the AZO melting temperature [15] . Therefore, the optimum ELA processing in this work is considered to be 5 pulses at 125 mJ/cm 2 .
Hall Effect measurements revealed that the conductivity improvement upon ELA is a result of the concurrent increase of the free carrier density as well as the Hall mobility (see solid lines in Figs. 3 and 4) . According to the AFM and SEM images as shown in Fig. 6 , the application of ELA to AZO results in a just noticeable surfaceparticle size enlargement, and more uniform and compact thin film surface. Also, AFM images showed that the surface flatness is improved after annealing, the arithmetic roughness Ra is reduced from 1.41 to 1.14 nm after ELA. Surface morphology changes upon ELA could not justify the noticed mobility enhancement from 15.3 to 19.3 cm 2 /V s in their own merit. Moreover, Energy Dispersive Xray Spectroscopy (EDS) showed that all the samples, irrespective of deposition and ELA conditions, showed an unchanged atomic concentration of Al (within experimental error) at 2.12 70.08 at%. Hence, the noticed free carrier density changes could be attributed to variations in ZnO doping efficiency and trap states density between the samples and in particular after ELA treatment. Oxygen related defects including oxygen vacancies, native point defects, and adsorbed oxygen defects have an important impact on the free carrier density and mobility of ZnO-based films [12, 28] . To examine oxygen related defects changes upon ELA, highresolution XPS measurements were performed on the optimised as-deposited and ELA-treated AZO samples after 60 s etching by Ar þ ion sputtering (282.0 eV) to remove surface contaminations.
To mention, minor differences in the Zn2p and Al2p spectra were observed. The O1s spectra demonstrated more noticeable changes upon ELA treatment. In order to study the oxygen state changes in detail, the O1s spectra were deconvoluted into three Gaussian subspectral components positioned at binding energies as shown in grain voids acting as electron trapping and scattering centres [15, 29] . The details of the three components are presented in Table 1 . The components area ratio is calculated relative to the overall O1s peak area for each sample. It was revealed that the application of ELA to AZO samples results in an increased O1s (I) component, while the O1s (II) and O1s (III) components are reduced. These results indicate less oxygen vacancies (native point defects) and adsorbed defects i.e. better ZnO crystal structure is achieved upon ELA. The observed reduction of O1s (III) component implies reduced electron trap density at grain boundaries and the resultant barrier height between the grains via ELA. Consequently, the free carrier density and mobility both are enhanced. Similar findings were reported by prior publications [15, 18] . In addition, since all the AZO samples were deposited without intentional substrate heating not all Al atoms are initially effectively incorporated into the zinc oxide lattice due to insufficient kinetic energy. The non-activated Al atoms could be agglomerating at non-crystalline regions such as grain boundaries causing carrierscattering. The ELA treatment would provide the Al atoms with the needed activation energy to replace Zn atoms in the ZnO matrix and contribute to free electrons [11, 16, 20] . The decrease in oxygen vacancy density observed in XPS measurements could be attributed to Al activation into ZnO lattice upon ELA [17] . According to Seto model [30] , the noticed increase in the free carrier density upon annealing would deactivate the trap states at the grain boundaries and reduce the carrier-depleted area on both sides of grain boundaries resulting in decreasing the potential barrier between the grains and thus enhancing the free carrier mobility [28, 30] .
Optical properties
All the as-deposited AZO samples showed an average visible transmission around 85% that exhibited a minor reduction as the applied RF power is increased or the sputtering pressure is reduced compared to the optimum conditions (180 W and 2 mTorr), as shown in Figs. 8 and 9 . These trends could be attributed to the film roughness increase due to increasing the deposited film bombardments by the sputtered species at high power or low pressure [11] . Upon excimer laser annealing the average visible transmission was enhanced to about 90% for all AZO samples. This improvement can be related to reduce optical scattering events because of reducing the film roughness and microstructural defects as demonstrated with the presented AFM and XPS data [11, 16] . Moreover, the absorption edge was blue shifted, as shown in Fig. 10 , owing to the carrier density increase upon annealing, resulting in the bandgap widening according to the Burstein-Moss model [31] . The bandgap (E g ) for the optimum as-deposited AZO sample (180 W, 2 mTorr) was estimated by Tauc et al. model [32] and found to increase after ELA (5 pulses at 125 mJ/cm 2 ), from 3.69 to 3.80 eV, as illustrated in the inset graph of Fig. 10 . At longer wavelengths (infrared region λ41000 nm),
however, the transmission spectra demonstrated a decrease that corresponds to the free carrier density increase when AZO films deposited at higher RF power, lower pressure, or after ELA due to increasing the free carrier reflection at higher carrier density leading to shifting the plasma frequency towards shorter wavelengths [31, 33] . . High resolution O1s XPS spectra for (a) the optimum as-deposited sample, and (b) the optimum ELA-treated sample deconvoluted into three sub-spectral components. 
Conclusion
In this work, the potential for nanosecond ELA to significantly enhance the electrical and optical characteristics of AZO films deposited by RF-magnetron sputtering at no intentional substrate heating has been demonstrated. A broad range of parameters for sputter-deposition and ELA process has been explored. Under the optimised deposition parameters, 180 nm thick AZO thin films showed a resistivity of 1 Â 10 . Moreover, the average visible transparency was enhanced from 85% to 90%, and the bandgap was enlarged from 3.69 to 3.80 eV. This combination of RF magnetron sputtering and ELA produces reliably AZO thin films with electro-optical characteristics that are very close to those of ITO, but crucially via low thermal-budget processing. The adapted fabrication route could be applied to large volume production, as the needed energy density for optimum ELA to half the resistivity is rather low (125 mJ/cm 2 ). Fig. 10 . Transmission, reflection, and absorption UV/VIS spectra of the optimum asdeposited and the optimum ELA-treated AZO thin films. The inset graph shows linear extrapolations of Tauc's plot for these samples. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)
